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ABSTRACT 
A survey i s  presented o f  the reduced g r a v i t y  f l u i d  management tech- 
nology program sponsored by the Lewis Research Center (LeRC) over the 
past  decade. The work was conducted both under con t rac t  and In-house. 
The in-house s tud ies  used scale model p r o p e l l a n t  tanks i n  drop towers 
tha t  provided up t o  5 seconds o f  reduced g r a v i t y  t e s t  t ime. Most o f  t he  
program e f f o r t  y i e lded  in fo rmat ion  on the s o l u t i o n  o f  reduced g r a v i t y  
f l u i d  management problems i n  general w i t h  a few s tud ies  po in ted  s p e c i f i -  
c a l l y  a t  the improvement o f  the  Centaur veh ic le .  
C 
w 
rn 
I These s tud ies  a t  the LeRC are now s h i f t i n g  from the  u t i l i z a t i o n  o f  
W in-house experimental f a c i l i t i e s  t o  the development o f  Spacelab exper i -  
ments. The Cryogenic F l u i d  Management Experiment, c u r r e n t l y  undergoing 
d e t a i l e d  design, w i l l  p rov ide  an o r b i t a l  eva lua t i on  o f  a s u b c r i t i c a l  l i q -  
u i d  hydrogen storage and supply system as p a r t  o f  the Shutt le/Spacelab 
program. An experiment t o  study o r b i t a l  t r a n s f e r  o f  l i q u i d s  and a Space- 
l a b  f a c i l i t y  capable o f  houzing m u l t i p l e  f l u i d  dynamic and heat t r a n s f e r  
experiments are p resen t l y  being planned. Contractual  e f f o r t s  a re  con- 
t i n u i n g  t o  a n a l y t i c a l l y  evaluate p rope l l an t  management systems fo r  both 
low and h igh  t h r u s t  O r b i t  T rans fer  Propu ls ion  Systems and t o  develop com- 
puter  techniques f o r  s imu la t ing  reduced g r a v i t y  f l u i d  dynamic processes. 
l NTRDDUCT 1 ON 
Approximately 20 years ago the Lewis Research Center ( L ~ R C )  i n i t i a t e d  
a research program intended t o  p r ~ v i d e  the  technology base f o r  the  design 
and opera t ion  o f  f l u i d  systems i n  the reduced g r a v i t y  environment o f  space. 
The e a r l y  emphasis o f  t h i s  program involved the use o f  small t ransparent  
tanks and the  LeRC drop tower t o  exper imenta l l y  study the behavior o f  l i q -  
uid-vapor i n te r faces  i n  response t o  changes i n  g r a v i t y  l e v e l ,  d is turbances 
and l i q u i d  d r a i n i n g  from the tank. P a r t i c u l a r  a t t e n t i o n  was placed on 
i d e n t i f y i n g  dimensionless parameters which charac ter ized the f l u i d  phenorn- 
ena observed and a l  owed the p r e d i c t i o n  o f  f l u i d  behavior i n  f u l l  s i z e  
spacecraf t  tankage. I 
During the e a r l y  60s the Centaur veh i c le  development e f f o r t  was t rans-  
f e r red  t o  the LeRC. I n  support o f  t h i s  p r o j e c t ,  experiments were conducted 
t o  a s s i s t  i n  the improvement o f  the Centaur; s p e c i f i c a l l y ,  s tud ies  o f  
p rope l l an t  s loshing,  s e t t l i n g  and d r a i n i n g  i n  Centaur con f i gu ra t i on  tank 
models were undertaken. Also, the use o f  cryogenic prope l lan ts ,  l i q u i d  
hydrogen and oxygen, i n  the Centaur veh i c le  t r i gge red  an i n t e r e s t  i n  t he  
improvement o f  thermal c o n t r o l  systems both  fo r  the Centaur and f o r  ad- 
vanced chemical p ropu ls ion  systems. Both in-house and cont rac tua l  e f f o r t s  
were i n i t i a t e d  t o  develop f l l a n ~ e n t  wound feed l i n e s  and tank supports, m u l t i -  
l aye r  i n s u l a t i o n ,  shadow sh ie lds ,  l i gh t -we igh t  vacuum jackets  and tank pres-  
sure con t ro l  techniques. 
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The LeRC reduced g r a v i t y  f l u i d  management program was subsequently 
enhanced by the cons t ruc t i on  o f  the Zero-Gravity F a c i l i t y  which increased 
the a v a i l a b l e  t e s t  t ime from 2.2 t o  5.1 seconds. The experimental program 
was expanded t o  inc lude s tud ies  o f  l iqu id-vapor  i n t e r f a c e  con f igu ra t i on ,  
s losh ing and s e t t l i n g  i n  a v a r i e t y  o f  tank s i zes  and shapes. I n  add i t ion ,  
l i q u i d  f low i n t o  tanks, the use o f  b a f f l e s  t o  reduce l i q u i d  res idua ls  du r ing  
o u t f l r ~  b o i l i n g ,  vent ing,  bubble motion and the impingement o f  gas Je ts  on 
l i q u i  i d r f a c e s  were exper imental ly  examined. 
I n  May 1974 the LeRC i n i t i a t e d  a cont rac t  w i t h  General Dynamics Convair 
t o  perform a "Low-G F l u i d  Transfer  Technology Study." The f i r s t  task o f  
t h i s  e f f o r t  involved an extensive l i t e r a t u r e  search, screening, ~ n d  compila- 
t i o n  o f  document summaries i n  the areas o f  low- f l u i d  behavior, cryogenic 
thermal c o n t r 0 1 , ~  and f l u i d  management systems.! Approximately 40 percent 
o f  the documents summarized describe work e i t h e r  performed a t  o r  sponsored 
by LeRC. This paper presents a review c f  the LeRC reduced g r a v i t y  f l u i d  
management program us ing these document summaries as a s t a r t i n g  po in t .  
The cur rent  emphasis of  the LeRC program and, thus, the emphasis f o r  
t h i s  paper, i s  d i rec ted  toward the development o f  technology f o r  the design 
o f  f l u i d  management systems inc lud ing l i q u i d  a c q u i s i t i o n ,  ihermal con t ro l  
o f  cryogenic tankage and f l u i d  t rans fe r .  Th is  i s  no t  intended t o  be an ex- 
haust ive  review but  ra the r  a broad treatment t o  acquaint the reader w i t h  the 
LeRC f l u i d  management program and the general s ta te-o f - the-ar t .  Many o f  the 
references c i t e d  conta in  extensive b ib l i og raph ies  w i t h  which p a r t i c u l a r  sub- 
j e c t s  may be pursued i n  more d e t a i l .  
LIQUID ACQUISITION 
The obvious s t a r t i n g  p o i n t  f o r  any study o f  l i q u i d  a c q u i s i t i o n  o r  pos i -  
t i o n i n g  i s  an understanding of  low-g f l u i d  behavior. The low-g f l u i d  behav- 
i o r  technology area i s  adequately summarized i n  reference 2 w i t h  the excep- 
t i o n  of  the recent mathematical and computational work o f  D r .  Paul Concus. 
These s tud ies  rovided an a ~ a l y t i c a l  p r e d i c t i o n  o f  l iqu id-vapor  i n t e r f a c e  
configurat ion,! s t a b i l i t y 6  and a sof tware package f o r  c a l c u l a t i n g  axisym- 
m e t r i c  l iqu id-vapor  i n t e r f a c e  conf igura t ion  as a func t i on  o f  conta iner  shape 
and acce 1 e r a t  ion env i ronmen t . 7  
The o b j e c t i v e  of the l i q u i d  a c q u i s i t i o n  p o r t i o n  o f  the LeRC f l u i d  man- 
agement program i s  t o  develop the technology necessary f o r  p o s i t  ion i ng  1 i q -  
u i d  and vapor w i t h i n  a tank i n  reduced g r a v i t y  t o  enable l i q u i d  o u t f l c w  o r  
vapor vent ing.  L i q u i d  a c q u i s i t i o n  techniques can be d i v ided  i n t o  two general 
categor ies:  
1 .  Ac t i ve  l i q u i d  a c q u i s i t i o n  by the c rea t i on  o f  a p o s i t i v e  acce le ra t i on  
environment r e s u l t i n g  from the propu ls ive  t h r u s t  o f  small rocket  engines. 
2. Passive l i q u i d  a c q u i s i t i o n  u t i l i z i n g  the l i q u i d  c a p i l l a r y  forces by 
uc;ng s o l i d  b a f f l e s  o r  l i q u i d  t raps  made o f  f i n e  mesh screen mate r ia l .  
I ACTIVE - PROPULSIVE SETTLING 
Most NASA l i q u i d  p rope l l an t  upper stages have used o r  are  using s e t t l i n g  
rockets t o  p o s i t t o n  p rope l l an ts  p r i o r  t o  vent ing  o r  main engine s t a r t .  The 
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c r i  t e r i a  f o r  s i z i ng  the s e t t l  ing rockets ttas based on ear l y  drop tower 
programs tha t  studied l iquid-vapor in ter face s t a b i l i t y  and l i q u i d  s e t t l i n g  
phenomena.8*9 Reference 9 establ  1 shed that  l iqu ld  rebounding o r  geyserlng 
and I i q u i d  c i r c u l a t i o n  can occur during the s e t t l l n g  process flusing very low rates o f  l i q u i d  co l lec t ion .  A l a t e r  experimental program using scale 
model Centaur tanks s  imulated the rea l  vehic le accelerat  ton envi ronment and 
established l i q u i d  s e t t l  ing times as a  funct ion o f  the ank f i l l  leve l .  A 
numerical code u t i l i z i n g  the marker and c e l l  technlquelf has been developed 
t o  simulate both s e t t l i n g  of propel lants  by in te rmi t ten t  th rus t  and cont ln-  
uous thrust  i n  the Centaur vehicle. 
The large safety factors general ly appl ied t o  the se lect ion o f  s e t t l i n g  
rocket th rus t  leve l  and durat ion y i e l d  corresponding large hardware and pro- 
pe l lan t  weight penal t ies.  U t i l i z i n g  an ex i s t i ng  empir ical  analysis and 
data obtained from ear l  i e r  LeRC drop-tower programs, ~umner l2  developed es- 
timates o f  the minimum ve loc i t y  increment required t o  achieve l i q u i d  r eo r i -  
ent'ation. The resu l t s  of t h i s  study ind icate  that  s i gn i f i can t  reductions 
I n  the weight penal t ies associated w i t h  propuls ive s e t t l i n g  could be rea l -  
ized; however, add i t iona l  experimental v e r i f i c a t i o n  o f  the analysis should 
be undertaken p r i o r  t o  u t i l i z i n g  t h i s  technique f o r  veh ic le  design. Present 
plans c a l l  f o r  an experiment which w i l l  generate t h i s  data t o  be included 
i n  a  Spacelab f a c i l i t y .  
PASSIVE - SCREEN D E V I C E S  
The idea o f  using the l i q u i d  re ta in ing  property o f  f i n e  mesh screen 
mater ia ls (Fig. 1) t o  pos i t i on  l i qu i ds  i n  a  reduced g rav i t y  environment was 
introduced i n  the ear l y  1960s. The f i r s t  use o f  screen mater ia ls  f o r  I i q -  
u i d  acqu is i t i on  was t o  cover the propel lant  sump a t  the bottom of  propuls ive 
veh ic le  tanks. The l i q u i d  trapped i n  the sump was used t o  provide on-orb i t  
engine res ta r t  capab i l i t y  regardless of the bulk l i q u i d  pos i t i on  i n  the tank. 
Once the engine ign i ted,  the r esu l t i ng  th rus t  se t t l ed  the propel lants  r e f i l -  
l i n g  the sump and al lowing continued engine f i r i n g .  This general c lass o f  
l i q u i d  pos i t ion ing device i s  commonly re fer red t o  as a  p a r t i a l  acqu is i t i on  
system o r  s t a r t  basket. 
For appl i ca t  ions tha t  requl r e  continuous feed o f  l iquids under reduced 
g rav i t y  condi t ions,  i t  I s  necessary t o  design the l i q u i d  acqu is i t i on  device 
so that  i t  contacts the l i q u i d  bulk no matter where the l i q u i d  i s  posi-  
t ioned i n  the tank. These acqu is i t i on  devices general ly consist  of a  com- 
p le te  screen l i n e r  o r  mu l t i p l e  channels, general ly w i t h  screen on one side, 
which are posi t ioned c i rcumferen t ia l l y  ins ide the tank. This general c lass 
o f  l i q u i d  pos i t ion ing device i s  commonly re fer red t o  as a  t o t a l  communl;a- 
t l o n  system. 
Screen Characterization. Although screened sumps performed t h e i r  in -  
tended funct ion f lawlessly,  a  general lack o f  design information ex is ted 
f o r  more compl icated I iqu ld  acqu is i t i on  device During the 
ear ly  1970s the LeRC i n i  t i a t e d  a program t o  establ  i sh  f i n e  mesh screen- 
l i q u i d  in te rac t ion  charac te r i s t i cs  w i t h  emphasis on extending the available 
design information t o  include the cryogenic l i qu i ds  hydrogen and oxygen. 
The l i q u i d  re ten t ion  capab i l i t y  o f  f i n e  mesh screen mater ia ls  i s  exper i -  
mental ly determined by measuring the resistance o f  the wetted screen t o  
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penetrat ion by vapor, commonly re fer red t o  as the screen bubble po ln t .  
The screen bubble po ln t  I s  the pressure differential that  must be appl led 
across the wetted screen mater la l  t o  cause vapor t o  penetrate I n t o  the 
l i q u i d  acqu ls l t l on  device and thus destroy I t s  l l q u l d  re ten t ion  capab i l l t y .  
I n  order t o  successful ly design f i n e  mesh screen 1 i qu id  acqu is i t l on  sys- 
tems, i t  1s necessary t o  account f o r  311 the sources o f  pressure d l f f e ren -  
t i a l  between the Inside of the acqu is i t i on  device and the surrounding vapor. 
The ob ject lve of t h i s  ana ly t i ca l  accounting procedure I s  t o  Insure tha t  most 
o f  the l iqu id  can be removed from the tank p r i o r  t o  penetrat ion o f  the screen 
mater ia l  by vapor bubbles. The pressure d i f f e r e n t i a l  across the screen re- 
sul ts  from the sum of the hydrosta t ic  head i n  the reduced g rav i t y  environment, 
the l i q u i d  flow losses w i t h i n  the screen acqu is i t i on  device and the f low loss 
through the screen mater ia l ,  and from external  sources; fo r  example, pres- 
sure va r ia t ions  caused by v ib ra t ion .  
'The f i r s t  study I n  t h i s  area supported by the L ~ R C ' ~  establ  lshed the 
bubble po ln t  and f low losses both ~ a r a l l e l  and perpendicular t o  a va r l e t y  o f  
f i n e  mesh screen mater la ls uslng I fquid hydrogen as the t e s t  f lu ld .  Refer- 
ence 13 a lso contains an extensive catalog o f  types and suppl l e r s  o f  f i ne  
mesh screen mater ia ls.  The program was l a t e r  expanded t o  es tab j l sh  the e f -  
fec t  of t rans ient  l i q u i d  flow, such as would r esu l t  from opening and c los ing 
valves I n  t e o u t l e t  1 lnes, on the 1 l qu id  re tent ion charac te r i s t i cs  of screen 
mater ia ls.  The e f f ec t  o f  v l b ra t  ion on the 1 i qu id  re tent  ion character1 s t i c s  
of screen mater ia ls  was experimental ly establ ished as reported if, reference 
15. 
An in te res t  i n  the f l u i d  dynamic phenomena associated w i t h  the r f i l l i n g  
o f  s t a r t  baskets fo l lowing engine i g n i t i o n  led t o  both experlmenta118 and 
ana l y t i ca l l 7  studies o f  l i q u i d  j e t  impingement on screen mater ia ls.  These 
two studies served as bu i ld ing  blocks fo r  the experimental evaluat ion and 
analysis o f  the r e f i l l i n g  of a c a p i l l a r y  device w i t h  se t t l ed  f l u i d .  The 
net r esu l t  o f  t h i s  work was the development o f  a computer program, based on 
the successful cor re  a t i on  of the t es t  data, that  provides a useful s t a r t  
basket design too l .  1 I! 
The in te res t  i n  cryogenic propel lants  adds an addi t iona l  conslderat lon 
t o  s t a r t  basket design. For cryogenlc I fqu lds ,  heat add i t i on  t o  the propel- 
l an t  tank and u l t ima te l y  t o  the l l q u l d  acqu is l t l on  device i s  inev i tab le  
dur ing prolonged orb1 t a l  coast. Reference 19 presents the exper imental re- 
su l t s  of a program whlch determined the degradation o f  the l f q u l d  hydrogen 
bubble po in t  f o r  a va r ie ty  of screen mater la ls  and heat f luxes; very l i t t l e  
bubble po in t  degradation was observed fo r  heat f luxes up t o  3000 ~ t u / h r - f t 2 .  
However, these tests  were conducted w i t h  the screen mater ia l  i n  d i r e c t  con- 
tac t  w i t h  the l i q u i d  bulk on one side. S ta r t  baskets designed fo r  cryogenic 
l i qu i ds  w i l l  o f ten  have por t ions of the screen surface o f  the device exposed 
t o  vapor on both sides. Since evaporation w l l l  take place from the screen 
surface, the a b i l i t y  o f  the screen mater la l  t o  stay wet by wicking l i q u i d  
from those port ions of the device i n  contact w l th  the l i q u i d  bu lk  becomes 
Important. The wlcking charac te r i s t i cs  of screen materials20 and mu1 t l p l e  
screens I n  combination w l t h  support materials21 have been experimental ly 
established and a n a l y t i c a l l y  correlated. 
S ta r t  Baskets. During the past decade the Centaur veh ic le  has 
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p e r i o d i c a l  l y  been considered f o r  i n c l u s i o n  i n  the  Space Transportat  i o n  
System as a h igh  performance upper stage t o  be used i n  conjunction w i t h  
the Shut t le .  As p a r t  o f  the study e f f o r t  intended t o  I d e n t l f y  requ i red  
o r  des i rab le  mod i f i ca t i ons  t o  t he  entaur,  r comparison o f  p r o p e l l a n t  ac- 
q u i s i t i o n  concepts was performed. 2!*22 The e x i s t i n g  Centaur hydrogen 
peroxide s e t t l i n g  system was compared w i t h  several  passive l i q u i d  acqu is f -  
t i o n  system concepts. Although the  a c q u i s i t i o n  systems were s p e c i f i c a l l y  
configured f o r  the Centaur veh i c le  ( ~ i g .  2),  i t  IS the au tho r ' s  content ion  
t h a t  the general r e s u l t s  o f  the study are app l i cab le  t o  any cryogenlc upper 
stage o f  s i m i l a r  s i ze .  S p e c i f i c a l l y ,  the fo l l ow ing  conclusions were 
reached : 
1.  S t a r t  baskets are  the  most a t t r a c t i v e  passive l i q u i d  a c q u i s i t i o n  
system concept. 
2. S t a r t  baskets become more a t t r a c t i v e  than p ropu ls i ve  s e t t l i n g  when 
m u l t i p l e  engine burns are requ i red  f o r  a p a r t i c u l a r  miss ion.  
3 .  The use o f  coo l i ng  c o i l s  on s t a r t  baskets t o  prevent  screen dry -  
ou t  y i e l d s  p r o h i b i t i v e  weight pena l t i es .  L i q u i d  evaporated from the  screen 
sur faces o f  a s t a r t  basket must be replenished by p r o v i d i n g  adequate l l q -  
u i d  w ick ing  paths. 
4. Use o f  s t a r t  baskets ra the r  than p ropu ls i ve  s e t t l i n g  appears t o  
be a v i a b l e  o p t i o n  o n l y  i f  a heat exchanger, "subcooler", i s  used i n s i d e  
the s t a r t  basket t o  p rov ide  the requ i red  engine feed system ne t  p o s i t i v e  
suc t i on  pressure. 
To ta l  Communication Systems. Many p o t e n t i a l  a p p l i c a t i o n s  f o r  t he  on- 
o r b i t  s torage and supply o f  cryogenic l i q u i d s  have been I d e n t i f i e d  by NASA. 
I n  con t ras t  t o  the s t a r t  baskets p rev ious l y  discussed, t o t a l  communication 
systems are  requ i red  f o r  app l i ca t i ons  where supply o f  the cryogenic l i q u i d  
i s  always under reduced g r a v i t v  cond i t ions .  
Trade s tud ies  were performed t o  eva lua te  a l t e r n a t e  t o t a l  communication 
system con f i gu ra t i ons  which cou ld  be i n teg ra ted  w i t h  cryogenic thermal con- 
t r o l  systems.13,19 These s tud ies  l ed  t o  t he  s e l e c t i o n  o f  two c i r cumfe ren t i a l  
screen-channels t o  prov ide  l i q u i d  a c q u i s i t i o n  and a vapor-cooled-shie ld f o r  
thermal c o n t r o l .  A more d e t a i l e d  d iscuss ion  o f  cryogenic thermal c o n t r o l  
systems appears i n  the f o l l o w i n g  sec t ion .  
Using the  screen-channel/vapor-cooled-shield concept, the McDonnel 1 
Douglas Corporat ion performed a p re l im ina ry  design of the  Cryogenic F l u i d  
Management Experiment ( ~ ~ ~ € 1 2 3  which i s  a p a r t  o f  the Shutt le/Spacelab 
program. The s p e c i f i c  ob jec t i ves  o f  t h i s  experiment are:  
1. To determine the a b i l i t y  o f  a thermal c o n t r o l  system t o  i s o l a t e  
a screen a c q u i s i t i o n  system from heat a d d i t i o n  (vapor format ion) .  
2. To determine the  performance o f  a thermal c o n t r o l  system i n  con- 
t r o l l i n g  tank pressure dur ing  extended storage per iods.  
3 .  To determine the e f f e c t s  o f  o u t f l o w  r a t e  and p r e s s u r i z a t i o n  mode 
on the a b i l i t y  t o  p rov ide  l i q u i d  on demand. 
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4. To o b t a i n  engineer ing data s u i t a b l e  t o  e s t a b l i s h  design c r i t e r i a  
f o r  s u b c r i t i c a l  cryogenic l i q u i d  storage and supply systems. 
5. To evaluate reduced g r a v i t y  l i q u i d  q u a n t i t y  gaging devlces. 
The d e t a i l e d  design, sa fe t y  review and t e s t  program p lann ing  f o r  the 
CFME (Fig.  3) a re  c u r r e n t l y  being conducted by the M a r t i n  M a r i e t t a  Corpora- 
t i o n  under LeRC Contract NAS3-21591. 
THERMAL CONTROL 
Th is  p o r t i o n  o f  the LeRC f l u i d  management program has as i t s  o b j e c t i v e  
the development of the requ i red  technology f o r  the  e f f i c i e n t  design o f  
thermal c o n t r o l  systems f o r  cryogenic tankage. A complete program would 
inc lude eva lua t ions  o f  i n s u l a t i o n  systems, heat exchangers and pressure con- 
t r o l  devices. I n  the past  the LeRC was involved i n  the development and 
eva lua t i on  o f  i n s u l a t i o n  systems. The cu r ren t  LeRC program i s  p r i m a r i l y  
concerned w i t h  developing pressure c o n t r o l  system technology w i t h  spec ia l  
emphasis on thermodynamic vent system concepts. 
MULTILAYER INSULATION 
Mu1 t i  l aye r  i n s u l a t i o n  (MLI) systems composed o f  a1 te rna te  l dye rs  o f  
r e f l e c t i v e  f o i l  and low c o n d u c t i v i t y  spacer ma te r i a l  have proven t o  be 
h i g h l y  e f f e c t i v e  i n  min imiz ing  heat a d d i t i o n  t o  cryogenic tankage i n  the 
h igh  vacuum environment o f  space. NASA's I n t e r e s t  i n  developing a h igh  
performance, reusable cryogenic upper stage t o  be used i n  con junc t ion  w i t h  
the Shu t t l e  has int roduced concerns about the d u r a b i l i t y  and r e u s a b i l i t y  
o f  MLI. 
A recent  paper by Sumner and ~ a r b e r ~ ~  provides a comparison o f  th ree 
"Reusable I n s u l a t i o n  Systems f o r  Cryogenic Earth-Based Space Vehicles." 
Two o f  the i n s u l a t i o n  systems were MLI w h i l e  the t h i r d  u t i l i z e d  hol low- 
glass-microspheres. One o f  the MLI systems, u t i l i z i n g  double-alumJnired 
mylar  f o r  the r a d i a t i o n  sh ie lds ,  was designed, assembled and tes ted  a t  the 
LeRC. The e f f e c t s  o f  repeated thermal c y c l i n g  and est imates of i n s u l a t i o n  
system weight, when opt imized f o r  a t y p i c a l  space mission,  a re  presented 
f o r  the th ree i n s u l a t i o n  systems. The two MLI systems had s i g n f f i c a n t l y  
b e t t e r  thermal performance and lower weight than the microsphere system. 
The MLI system tes ted a t  the LeRC i n i t i a l l y  had a s l i g h t l y  g rea te r  e f f e c -  
t i v e  thermal c o n d u c t i v i t y  than the  o ther  MLI system, but showed s i g n l f l -  
c a n t i y  less  performance degradat ion due t o  thermal c y c l i n g .  
PRESSURE CONTROL 
D i r e c t  Ventinq. The s implest  technique f o r  c o n t r o l l i n g  cryogenic 
tank pressure i s  t o  i n s t a l l  a vent l i n e  i n  the top of the tank and bleed 
o f f  vapor as required.  However, i n  space, w i t h  the absence o f  g r a v i t a -  
t i o n a l  forces t o  separate the h igher dens i t y  l i q u i d  from the  vapor, i t  i s  
gene ra l l y  impossible t o  determine where the vent l i n e  should be i n s t a l l e d .  
Reference 25 presents the r e s u l t s  obta lned from a vent ing  study con- 
ducted i n  the LeRC Zero Grav i t y  F a c i l i t y  where o n l y  c a p i l l a r y  forces were 
a v a i l a b l e  fo r  p o s i t l o n l n g  the l i q u i d .  As can be seen i n  F lgure  4, the 
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absence o f  any g r a v i t a t i o n a l  force causes problems even though vapor I s  
l n l t l a l l y  vented from the tank. As the  tank pressure decreases, b o l l l n g  
takes p lace i n  the bu l k  l i q u i d  region; t he  r e s u l t i n g  vapor bubbles expand 
and push the  I i q ~ i d  toward the vent .  U l t ima te l y ,  the  undesirable c o n d l t l o n  
o f  dumping l i q u i d  would r e s u l t .  
For p ropu ls i ve  veh ic les  l i k e  the Centaur, the same s e t t l i n g  rackets  t h a t  
a re  used t o  acqu i re  propel  l a n t s  f o r  on--orb1 t engine r e s t a r t  can be used t o  
p o s i t l o n  the p rope l l an ts  p r i o r  t o  vent ing.  Th is  technique has the  disadvan- 
tage o f  u t i l i z i n g  s e t t l i n g  rocket  p rope l l an t  f o r  each vent cyc le ,  thus re-  
ducing the  v e h i c l e ' s  payload placement c a p a b i l i t y .  Cryogenic tanks which 
have screen l i q u i d  a c q u i s i t i o n  systems cannot u t i l i z e  d i r e c t  vent ing  f o r  
pressure c o n t r o l  s ince on l y  a p o r t i o n  o f  the l i q u i d  i s  contained i n  the ac- 
q u l s l t l o n  device w i t h  no c o n t r o l  over the remainder o f  the l i q u i d  conta ined 
w l t h l n  the tank. 
.Thermodynamic Vent Systems (Tvs). E f f o r t s  t o  improve the performance o f  
p ropu ls i ve  stages and a l l ow  the use of screen systems i n  cryogenic tankage 
have int roduced the concept o f  the thermodynamic vent system. TVS concepts 
a r t  p a r t i c u l a r l y  a t t r a c t i v e  when cryogenic payloads f o r  the Space S h u t t l e  a re  
considered, Under many normal opera t ing  cond i t i ons  and a l l  abo r t  modes, p ry -  
load requirements cannot d i c t a t e  Shu t t l e  opera t ions  so s e t t l i n g  t o  r e l i e v e  
tank pressure would be impossible. Thermodynamic vent  systems should impose 
no opera t ing  cons t ra in t s  on :he Space Shut t le .  
I n  the  TVS a small amount o f  the cryogenic l i q u i d  i s  s a c r l f i c l a l l y  evap- 
o ra ted  t o  o f f s e t  the unavoidable heat addl t ion  t o  the tack. Cryogenic l i q u l d  
i s  withdrawn from the tank and passed through a Joule-Thompson va lve  w i t h  a 
r e w l  t a n t  pressure and temperature reduct ion. Th is  c o l d  two-phase f l u i d  I s  
then introduced i n t o  a heat exchanger where evaporat ion cont inues and heat 
absorp t ion  takes p lace before the r e s u l t i n g  vapor i s  vented overboard. 
The heat exchanger i s  t y p i c a l l y  located e i t h e r  w i t h i n  the  tankage insu la-  
t i o n  (vapor cooled sh ie ld )  o r  i n s i d e  the  tank. I n  t he  f i r s t  op t ion ,  most o f  
the incoming heat i s  in te rcepted before i t  reaches t h d  l i q u i d  conta ined I n  
the tank. I n  the  second opt ion ,  the cryogenic l i q u i d  and vapor :n the tank 
are  the heat exchanger hot s ide f l u i d .  Th is  f l u i d  I s  cooled du r ing  ope ra t l on  
o f  the TVS, thus c o n t r o l l i n g  the tank pressure. 
For the  l a rge  cryogenic tankage t y p i c a l  o f  h igh  performance upper stages, 
the heat exchanger i n  the tank should have a lower weight than a vapor cooled 
sh ie ld .  However, t h i s  op t i on  int roduces the  a d d i t i o n a l  requirement o f  c i r -  
c u l a t i n g  the f l u i d  i n  the tank so tha t  e f f e c t i v e  coo l i ng  can take p lace.  
Two experimental s tud ies  were conducted i n  the LeRC Zero-Gravity F a c l l -  
i t y  t o  examine the e f f e c t  o f  reduced r a v i t y  on the  f l u i d  c i r c u l a t i o n  pat -  
t e rns  i n  spher icalZ6 and c y l i n d r i c a l 2 $  tankage. Ax ia l  l i q u i d  j e t s  were used 
t o  p rov ide  mix ing  o f  the l l q u i d  b u l k  o r  circulation o f  the s imulated prope l -  
l a n t  over the  tank wa l l s .  I n  a d d i t i o n  t o  these two des i red  l i q u i d  f l o w  pa t -  
terns,  two undesirable l i q u i d  f low pa t te rns  were observed; geyser fo rmat ion  
and 1 i q u i d  c o l l e c t i o n  a t  the end o f  the tank oppos i te  the j e t  e x i t  (F ig .  5). 
The t r a n s i t i o n s  between the four f low pa t te rns  were a func t ion  o f  the tank 
geometry, the  I i q u i d - j e t  v e l o c i t y ,  the volume o f  l i q u l d  I n  the  tank and the 
l o c a t i o n  o f  the tube from which the l i q u i d  j e t  ex i t ed .  
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Both TVS heat exchanger l o c a t i o n  opt ions  were considered du r ing  the 
cryogenlc \ i q u l d  storage and supply system t rade  s tud les .  l fe19 f o r  cryo-  
genic tdnkage 1 i k e  the  CFHE the pumps requi  red f o r  the  i n t e r n a l  TVS are  
extremely small .  Because o f  concerns aver the a b i l i t y  t o  f a b r i c a t e  these 
small pumps as we1 1 as the! r re1 i a b i  1 i t y  and performance, the vapor cooled 
s h i e l d  TVS concept was chosen For t h i s  s i z e  a p p l i c a t i o n .  I t  was r e c e n t l y  
suggested t h a t  the  random acce le ra t i on  environment I n  the S h u t t l e  cargo bay 
may e l i m i n a t e  the need f o r  a pump w i t h  the i n t e r n a l  TVS concept. Consequent- 
l y ,  a reeva lua t ion  o f  thermodynamic vent system concepts f o r  the Cryogenic 
F l u i d  Management Experiment i s  c u r r e n t l y  underway as p a r t  o f  LeRC Contract 
NAS3-21935. 
FLUID TRANSFER 
Over a pe r iod  o f  many years, NASA has been producing the  technology which 
w i l l  be necessary f o r  the development o f  l a rge  o r b i t  t r a n s f e r  veh ic les  and 
manned space p la t fo rms  t h a t  would remain permanently i n  space. The need t o  
p e r i o d i c a l l y  rep len i sh  the l i q u i d  supply systems on these veh i c les  and space- 
c r a f t  l ed  the LeRC, i n  the e a r l y  1970s, t o  inc lude o n - o r b i t  f l u i d  t r a n s f e r  as 
a p a r t  o f  the reduced g r a v i t y  f l u i d  management program. The s p e c l f i c  objec-  
t i v e  o f  t h i s  p o r t i o n  o f  the program i s  t o  develop the technology t o  permi t  
e f f i c i e n t  t r ans fe r  o f  l i q u i d s  from a supply tanker t o  a rece i ve r  v e h i c l e  o r  
spacecraf t  wh i l e  i n  the reduced g r a v i t y  environment o f  space. 
The "Low-t F l u i d  Transfer  Technology ~ t u d ~ " , ~ ~ ' ~ ~  mentioned e a r l i e r .  pro- 
v ided conceptual designs o f  supply tankers f o r  the o n - o r b i t  f u e l i n g  o f  an 
o r b i t  t r a n s f e r  veh ic le ,  t i e  in-space resupply o f  another S h u t t l e  O r b i t e r  and 
the o r b i t a l  resupply o f  a v a r l e t y  o f  spacecra f t .  These p o t e n t i a l  supply 
ianker designs were used t o  he lp  i d e n t i f y  technology gaps and system charac- 
t e r  1st  i c s  c r i t i c a l  t o  bo th  cryogenic and noncryogcnl c on-orb1 t f l u i d  t rans-  
f e r .  The p o t e n t i a l  problem areas i d e n t i f i e d  inc luded ch i l l down  and subsequent 
f i l l i n g  o f  cryogenic rece iver  tanks w i thout  excessive l i q u i d  loss  o r  pressure 
r l  se, f I 1  1 ing  o f  noncryogeni c rece i ve r  tanks w i  thout  excessive pressure r I s e  
o r  l i q u i d  loss and the  complete f i l l i n g  o f  f i n e  mesh screen l i q u i d  a c q u i s i -  
t i o n  devices. 
TANK DRAINING 
Two experimental and a n a l y t i c a l  s tud ies  o f  reduced g r a v i t y  d r a i n i n g  from 
c y l  i n d r i c a l  tanks were recen t l y  completed a t  the LeRC. The. f i r s t  o f  these 
studies30 prov!dts an a n a l y t i c a l  c o r r e l a t i o n  o f  the experimental data which 
r e l a t e s  l i q u i d  res idua l s  t o  the ou t f l ow  r a t e  and acce le ra t i on  environment 
f o r  hemlspherical l y  bottomed tanks. The second otudy3l  presents experimental 
v e r i f i c a t i o n  o f  an a n a l y t i c a l  technique which was developed t o  i nd i ca te  how 
tank o u t l e t s  should be shaped o r  contoured I n  order  t o  minimize l i q u i d  r e -  
s idua ls .  The contour ing  ana lys i s  wos app l ied  t o  the design o f  tanks t h a t  
could be used fo r  the  on -o rb i t  f u e l i n g  o f  a cryogenic o r b i t  t r ans fe r  veh i c le ;  
the r e s u l t t n g  contoured o u t l e t  dimensions f o r  th ree comblnatlons of accelera-  
t i o n  environment and f l u i d  t rans fe r  t ime are  shown i n  F igure  6. Another re-  
cent a n a l y t i c a l  and experimental s tudy was conducted a t  the LeRC t o  e s t a b l i s h  
minimum l i q u i d  hydrogen l e v e l s  requ i red  t o  prevent vapor i nges t i on  i n  the  
feed 1 ine  when r e s t a r t i n g  the  Centaur engines I n  s p a ~ e . 3 ~  
Several cont rac tua l  e f f o r t s  have been sponsored by the LeRC t o  develop 
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numerical techniques t o  study the reduced-gravlty tank dra in ing phr- 
nmnr.33'35 The l a s t  o f  these three studies r r s u l  tad lo the drvmlop- 
ment o f  at, exportable computer progrmt u t l  l i r i n g  the marker and c r l  l 
technique which has been i ns ta l  led on the LeRC Unlvac I100 computer. 
Excel l en t  agreement between the exper lmental resu l t s  o f  re fe r rnc r  30 and 
the a n a l y t l c r l  resu l t s  of reference 35 has been rchieved. Although the 
current crpabi l I t y  o f  t h i s  reference 35 program i s r r s t r l c t r d  t o  s imula- 
t i o n  o f  reduced-gravlty tank dra ln lng phenomena, the b r s l c  r n r l y t i c a l  and 
com~utat iona l  method employed has the po ten t ia i  f o r  b r lng  r p p l l r d  t o  r 
wlde v r r l e t y  o f  f l u l d  d/namlc problems. 
RECE l VER TANK F 1 LLl NC 
Two ana ly t i ca l  studies o f  the on-orb i t  f l l l l n g  o f  t rnks containing f i n e  
mesh screen t o t a l  communication systems were completed i n  1978. These two 
pa ra l l e l  s t u d i o  d i f fe red  I n  the proposed technlque f o r  f i l l i n g  tanks on- 
o r b l t  and, thus, present d i f fe ren t  ana ly t i ca l  so lu t lons t o  the problem. 
Reference 36 analyzed a f i l 1 lng technique based on malnt r in lng separatl  on 
o f  the I l q u l d  and vapor phases w i t h i n  the recelver tank dur lng the e n t l r e  
fill process. Thls technlque al lows d i r ec t  ventlng from the vapor region 
t o  maintain acceptable tank pressure; however, extremely low l l q u l d  t ransfer  
f low rates are requlred I n  order that  the stability o f  the t lquld-vapor ln -  
ter face I s  malntalned. In  contrast  t o  the above " f l u i d  dynrm!rl' technique, 
reference 37 presum7ts the analysis o f  a "thermodynamlc~' technlque f o r  the 
on-orb l t  f l l l l n g  o f  receiver tanks. The thermodynamlc f l l l f n g  technlque i s  
based on the concept of a l t e rna te l y  c h l l l l n g  and vent ing cryogenic tankage 
u n t l l  the receiver tank 1s cold enough that  the tank can be f i l l e d  wl thout 
venting. P r o s u r l z r t l o n  following tank f i  I 1  lng w l l  l subcool the bulk 1 l qu ld  
and condense any vapor bubbles trapped I n  a f i ne  mesh screen l l q u i d  acquis i -  
t i o n  devlce. Noncryogenic tanks can a lso be f i l l e d  wl thout vent lng If re la -  
t l v e l y  hlgh pressure levels can be to lerated by the tanks. The thermodynrmic 
f i l l i n g  technlque analysts has recent ly  been extended t o  include cons lderr t lon 
o f  much larger  propul slon vehlc le tankage. 38 
CONCLUD l NG REMARKS 
IN-SPACE EXPERIMENTATION 
Durlng the 1970s the level  o f  e f f o r t  devoted t o  the LeRC In-house reduced 
gravl  t y  f l u l d  management technology program has stead1 l y decl f ned. Thl s 
decl lne can be p a r t i a l l y  a t t r l bu ted  t o  NASA's reduced work force, but primar- 
i l y  resul ted because meanlngful research that  can be conducted w i t h l n  the 
exptrlmental s lze and tes t  tlme l im i t a t i ons  Imposed by ground based f a c l l l -  
tlo was near ly exhausted. The emphasls of the LeRC program I s  new d l rected 
toward the development o f  payloads f o r  the Shuttle/Spacelab where larger  ex- 
perlments can be u t l l l z e d  and days of  t es t  tlme are ava i lab le .  
A Spacelab "Two-Phase F lu td  Research Facility" I s  cu r ren t l y  belng con- 
ceptua l ly  design2d by the General Dynamlcs Corporatlon under LeRC Contract 
NAS3-21750. Thls f a c i l i t y  w l l l  be designed t o  accommodate a va r le ty  of ex- 
periments Intended t o  examine both f l u i d  dynamlc and thermodynamic reduced 
g rav l t y  physical phenomena. Specifically, fo r  the f l r s t  f l i g h t  o f  t h i s  f a c l l -  
I t y ,  ex~er lments  w l  l 1 be Incorporated t o  study propel l an t  s e t t l i n g  f l u i d  
dynamlcs, pool b o l l l n g  heat t ransfer and two-phase forced convectlon b o l t i n g  
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f o r  appl i ca t  ion t o  heat exchanger design. 
T& f l u i d  t ransfer  experiment conceptual deslgns are cu r ren t l y  being pre- 
pared under contract  t o  the LeRC. The two designs d i f f e r  p r l m r r l l y  i n  size; 
one w i  1 l near ly requi r e  a dedl cated Shutt l e  f l ight  (Central Dynamlcs/NASf- 
21935) whi l a  the second experiment can be accomnodated on a s ing le  Spacelrb 
pa I l e t  (Beech A i  r c ra f  t/NAS3-22260). The pa l  l e t  experiment i s  present l y  an- 
v i  s toned t o  Incorporate the Cryog;:,? I c F lu i d  Management Expar lmtnt  J l s c u s s ~ d  
e a r l i e r  as the t es t  f l u i d  supply tank and has been designated the "In-Space 
Cryogenic F lu ld  Management Technology Faci l i ty" (Fig. 7). I n  add1 t i o n  t o  
the previously discussad ob ject ives o f  the CFME, t h i s  f a c i l i c y  w i l l  provlde 
engineer!ng data and a capab i l i t y  dcmonstrrt ion for  the t ransfer  o f  cryo- 
genic l i qu ids ,  thermal cont ro l  c f  both the t ransfer l i n e  and the receiver 
tank and I l q u l d  acqu ls i t l on  i n  the receiver tank fo l lowing l l o u i d  t ransfer ,  
LOW-THRUST CHEMICAL PROPULSION SYSTEMS 
Both NASA and DOD have forecast the need f o r  large space s t ructures t o  
be placed I n  geosynchronous orb1 t. Deployment, assembly and checkout o f  
these structures i n  the near v i c i n l t y  of the Shut t le  would a l low manned i n -  
tervent ion i n  the operations if operat ional  d i f f i c u l t i e s  should ar ise.  How- 
ever, lw ear th  o r b i t  t o  geosynchronous orb1 t transfer o f  the t o t a l  l y  func- 
t i ona l  large space s t ruc tu re  w i l l  require low engine th rus t  leve ls  t o  pre- 
t l ude  damaging the deployed s t ructure.  Low-thrust chemical propuls ion 
systems o f f e r  the po ten t ia l  o f  meeting t h l s  payload t ransfer  requirement 
whi le  providlng t o t a l  t r i p  times on the order of a few days. 
These low-thrust chemical propuls ion system concepts may requi re  reduced 
g rav i t y  f l u i d  management technology development I n  two areas: ( I )  thermal 
cont ro l  o f  cryogenic propel laf i ts due t o  the long o rb i  t a l  storage timos re- 
qui red and (2! propel l an t  supply t o  the engines due t o  the low accelerat ion 
environment even under f u l l  th rust .  The Mart in Mar ie t ta  Corporation i s  cur- 
ren t  l y  under contract  (NAS~-21954) t o  the LeRC t o  provi  de a determlnatton 
of  t o t a l  propel lant  requlrements, an evaluat ion of i n s u l r t i o n  system con- 
cepts, a comparison of  l i q u i d  acqu is i t i on  techniques and an i d e n t i f i c a t i o n  
of technology requirements f o r  low-thrust  chemical prapulslon systems. Cur- 
rent plans lnd lcate  that  a major por t ion  of the future LeRC reduced g r w i t y  
f l u i d  management program w i l l  be d l rected toward reso lu t ion  of problems 
which might impede the development o f  a low-thrust chemical propuls ion sys- 
tem. 
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